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PhenanthreneSoil–atmosphere exchange is important for the environmental fate and atmospheric transport of many
semi-volatile organic compounds (SVOCs). This study focuses on modeling the vapor phase exchange of
semi-volatile hydrophobic organic pollutants between soil and the atmosphere using the multicomponent
reactive transport code MIN3P. MIN3P is typically applied to simulate aqueous and vapor phase transport and
reaction processes in the subsurface. We extended the code to also include an atmospheric boundary layer
where eddy diffusion takes place. The relevant processes and parameters affecting soil–atmosphere exchange
were investigated in several 1-D model scenarios and at various time scales (from years to centuries).
Phenanthrene was chosen as a model compound, but results apply for other hydrophobic organic compounds
as well. Gaseous phenanthrene was assumed to be constantly supplied to the system during a pollution period
and a subsequent regulation period (with a 50% decline in the emission rate). Our results indicate that long-
term soil–atmosphere exchange of phenanthrene is controlled by the soil compartment — re-volatilization
thus depends on soil properties. A sensitivity analysis showed that accumulation and transport in soils in the
short term is dominated by diffusion, whereas in the long term groundwater recharge and biodegradation
become relevant. As expected, sorption causes retardation and slows down transport and biodegradation. Ifao).
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
790 Z. Bao et al. / Science of the Total Environment 538 (2015) 789–801atmospheric concentration is reduced (e.g. after environmental regulations), re-volatilization from soil to the
atmosphere occurs only for a relatively short time period. Therefore, the model results demonstrate that soils
generally are sinks for atmospheric pollutants. The atmospheric boundary layer is only relevant for time scales
of less than one month. The extended MIN3P code can also be applied to simulate ﬂuctuating concentrations
in the atmosphere, for instance due to temperature changes in the topsoil.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Over the last two centuries, many semi-volatile organic compounds
(SVOCs), such as organochlorine pesticides, polychlorinated biphenyls
(PCBs), and polycyclic aromatic hydrocarbons (PAHs), have been pro-
duced and intentionally or unintentionally released to the environment
due to various anthropogenic activities. For instance, pesticides have
been applied on arable land for agricultural production and are still
used in developing countries (e.g. DDT for malaria control), PCBs were
and still are released into the atmosphere from PCB-containing buildings,
electrical equipment and contaminated sediments (Jamshidi et al., 2007),
and PAHs are produced as byproducts in combustion of fossil fuels and
biomass burning. SVOCs may persist in the environment due to their af-
ﬁnity to natural organic matter in soils or sediments and if they are resis-
tant to photolytic, chemical, andmicrobial degradation, and canpose risks
to ecosystems and human health due to their inherent toxicity, persis-
tence, and tendency for long-range transport and accumulation in
organisms.
Since the beginning of industrialization and agriculture intensiﬁcation,
soils became sinks for many SVOCs, some of which are now considered
as legacy pollutants. Once applied or released into the atmosphere,
SVOCs are transported regionally or globally by atmospheric cycling
(van Jaarsveld et al., 1997; Beyer et al., 2000; Totten et al., 2006;
Lohmann et al., 2007). As a consequence of atmospheric transport,
deposition and re-volatilization, soils have become contaminated at
a large scale (Lang et al., 2007). Yet, environmental legislation and
technological progress already in place or on the horizon aim to limit
emission or application of certain compounds, thus decreasing
atmospheric concentrations. Therefore, soils preloaded with SVOCs
now may act as secondary sources and SVOCs may re-volatilize to the
atmosphere. Soil–atmosphere exchange, therefore, is a critical process
determining the long-range/global transport of many SVOCs (Cousins
et al., 1999a).
To evaluate the exchange of SVOCs between soil and the atmosphere,
several combined soil–atmosphere models (Reichman et al., 2000a,
2000b; Scholtz and Bidleman, 2006, 2007; Komprda et al., 2013)were de-
veloped to speciﬁcally describe the environmental fate of surface-applied
pesticides as a function of the compound's volatilization rate. In contrast,
only few studies have focused on the numerical evaluation of soil–atmo-
sphere exchangeof global pollutants such as PAHs andPCBs (Harner et al.,
1995; Lee et al., 1998; Wania and Dugani, 2003; Wania et al., 2006;
Mackay, 2010;Ghirardello et al., 2010), andeven fewer studies investigat-
ed the vertical concentration distributions of PAHs and PCBs in soil and
the atmosphere (Cousins et al., 1999b, 1999c; Moeckel et al., 2009).
Whereas soil–atmosphere exchange has been studied in the ﬁeld at
time scales from hours to seasons (Lee et al., 1998; Bidleman and Leone,
2004; Lang et al., 2007; Tao et al., 2007, 2008; Bozlaker et al., 2008a,
2008b; Schuster et al., 2010; Cabrerizo et al., 2011; Wang et al., 2011;
Zhang et al., 2011; Zhong and Zhu, 2013), detailed long-term simulations
onpollutant uptake in soils and re-volatilization– speciﬁcally that address
the vertical concentration distribution across the soil–atmosphere inter-
face – are missing.
In this study, we extended a numerical model to describe the long-
term vapor phase exchange of SVOCs between soil and the atmosphere
under varying boundary conditions. Phenanthrene (C14H10)was chosen
as a model compound and we speciﬁcally focused on the verticalconcentration proﬁles across the soil–atmosphere interface. The main
objectives of this studywere (i) to extend a subsurfacemulticomponent
reactive transport code (MIN3P) by considering an atmospheric
boundary layer and taking into account the most relevant transport
processes (i.e., advective transport with groundwater recharge,
sorption, air–water partitioning, biodegradation, and diffusion), (ii) to
investigate which processes affect soil–atmosphere exchange of SVOCs
in the long term and when steady state will be achieved, and (iii) to
evaluate the re-volatilization potential after regulations limit input of
SVOCs into the atmosphere. Focus of our study was not on matching
ﬁeld data but on the theoretical evaluation of the physico-chemical
processes in order to identify the most sensitive parameters in long-
term uptake and re-volatilization of organic compounds.
2. Background on soil–atmosphere exchange
2.1. The atmospheric boundary layer
The atmospheric boundary layer is deﬁned as the lower part of the
atmosphere that is in direct contact with the Earth's surface. The height
of the atmospheric boundary layer reaches up to 100–3000m above the
ground surface, and varies diurnally and seasonally (Wild and Jones,
1995; Harner et al., 1995; Cousins et al., 1999c; Lee et al., 1998; Farrar
et al., 2005; Scholtz and Bidleman, 2006, 2007; MacLeod et al., 2007;
Tao et al., 2007). Transport of airborne pollutants in the atmospheric
boundary layer mainly depends on eddy diffusion, which in turn is
related to wind velocity and surface roughness. Wind velocity is
dependent on many factors and conditions at varying scales, e.g. on
pressure gradients and on local weather conditions. Under neutral or
stable atmospheric conditions, i.e. when vertical air movement does
not take place beyond the rate of adiabatic heating or cooling, wind
velocity and direction primarily varies horizontally. The horizontally
moving air carries momentum, water vapor, heat, and chemicals,
which results in turbulent transport of these components also perpen-
dicular to the mean wind direction.
2.2. Time-dependent accumulation of SVOCs in soils
The history of SVOCs accumulation in soils, especially for PCBs and
organochlorine pesticides, can be traced through a simple conceptual
model (depicted in Fig. 1) that includes two phases: a pollution period
and a regulation period. Prior to industrialization, natural emissions
had already resulted in a low background pollution of soils with
SVOCs, but with the onset of industrial revolution in the 19th century,
anthropogenic activities signiﬁcantly increased the amount in the envi-
ronment. Generally, the highest concentrations of SVOCs in the environ-
ment were observed in the 1960s and 1970s. In the late decades of the
20th century, regulatory policies for responsible energy consumption
and economic development as well as international source reduction
measures have been enacted to protect the environment. Since then a
continuous decrease in concentrations ofmany environmental pollutants
has been observed in industrialized countries (Gocht and Grathwohl,
2004; Prevedouros et al., 2004; Schuster et al., 2010). As a consequence,
the concentrations of SVOCs in soils (black solid lines in Fig. 1) are
expected to decrease when compared to the hypothetical case in
which no reduction measures were applied (gray dashed line in
Fig. 1. Simpliﬁed temporal trend for the accumulation of SVOCs in soils during the high
pollution period (from ca. 1870 to 1970) and the subsequent regulation period (since
ca. 1970). Eventually, steady-state conditions will establish because of biodegradation
and leaching towards groundwater; the gray dashed line refers to the case in which no
environmental reduction measures have been applied, whereas the black solid line
accounts to a 50% decrease of pollutant input (after the 1970s), e.g. because of
environmental regulations (from numerical simulation).
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tion by microorganisms, re-volatilize to the atmosphere because of
reduced atmospheric concentrations, and/or leach to the underlying
groundwater. In early-industrialized countries such as Germany,
over the last two centuries a similar trend with respect to the accu-
mulation of PAHs in soils or sediments was observed (Gocht and
Grathwohl, 2004). In fact, due to technological progress and regula-
tion nowadays signiﬁcantly less PAHs are emitted into the atmo-
sphere than in the middle of the last century.
3. Numerical simulations and parameters
3.1. Physico-chemical parameters of phenanthrene
Phenanthrene was chosen as a representative model compound,
because it has physico-chemical properties (hydrophobic, lipophilic)
similar to many other SVOCs. Furthermore, phenanthrene is widely
spread in the atmosphere and, thus, signiﬁcantly contributes to the
high concentrations of this pollutant in topsoils, e.g. in Germany
(Gocht et al., 2001, 2007). As phenanthrene is a relatively easily degrad-
able compound under aerobic conditions, the role of biodegradation on
the long-term fate of this compound in soils can be studied.
Several studies on the environmental fate and the transport of
phenanthrene in soils provide reliable data on sorption and biodegra-
dation processes. Phenanthrene is mainly present as vapor in the free
atmosphere or sorbed to the soil organic carbon. Sorption/desorption
equilibrium of phenanthrene in ﬁne grained soils or sediments (parti-
cle size less than 0.1 mm) was shown to occur in typical time scales of
few weeks, and certainly in less than one year (Rügner et al., 1999;
Kleineidam et al., 1999, 2002, 2004; Karapanagioti et al., 2000; Wang
et al., 2007; Kuntz and Grathwohl, 2009). Therefore, for the time pe-
riods relevant in this study (years to centuries) sorption/desorptionTable 1
Physico-chemical properties of phenanthrene at 25 °C.
Chemical name Unit
Molecular weight, MW g/mol
Overall half-life of biodegradation, t1/2,biodeg Hours
Aqueous diffusion coefﬁcient, Dw⁎ m2/s
Gaseous diffusion coefﬁcient, Dg⁎ m2/s
Water solubility, S g/m3
Subcooled liquid solubility, Ssub g/m3
Henry's law coefﬁcient, H Dimensionless
Enthalpy of air–water partitioning, ΔHaw kJ/mol
Enthalpy of sorption, ΔHsorption kJ/molat the grain scale can be considered as a local equilibrium process.
Table 1 summarizes the relevant physico-chemical properties of phen-
anthrene used in the numerical simulations.
3.2. Conceptual model
A vertical 1-D model was applied to describe soil–atmosphere
exchange of SVOCs (Fig. 2). We considered an open two-compartment
model, in which a 100 m thick atmospheric boundary layer overlies a
soil compartment with two soil layers, namely a 0.1 m thick topsoil
layer with elevated organic carbon content and the vadose zone (subsoil
layer) above a groundwater table at 5 m depth.
The two soil layers primarily consist of sandymaterial and are distinct
from each other by different porosity, organic carbon content, and water
saturation (Table 2). An average value of the organic carbon content of 3%
(mean fOC-case)was chosen for the topsoil layer, which approximates the
average for European countries (Panagos et al., 2013). The organic carbon
content in the subsoil was assumed to be ten times smaller than that in
the topsoil. Low and high fOC-cases (1% to 10%) were simulated since
data on the spatial distributionof organic carbon content in soils, collected
by the European Soil Data Centre, indicate a high natural variability of or-
ganic carbon contents ranging from 0.01% to over 35%. Potential co-
transport of phenanthrene with dissolved organic carbon (DOC) in the
soil water would be less signiﬁcant than the effect of variability in soil or-
ganic carbon content and therefore was not considered (with DOC con-
centrations of less than 20 mg/L, the expected change in sorption of
phenanthrene would be less than 20%). Potential changes in the organic
carbon content of soils were accounted for by comparing the three differ-
ent levels of fOC.
A vertical water saturation proﬁle was implemented using the well-
known van Genuchten parameterization (e.g., Carsel and Parrish, 1988).
The values of the van Genuchten parameters used in this study are
given in Table 2.
The soil compartment was implemented as a 3-phase system with
solid, aqueous, and gaseous phases. Phenanthrene is transported in the
gaseous and aqueous phases, and partitions among the three different
phases. In the atmosphere gaseous and aqueous phase transportwas con-
sidered,whereas particle-associateddeposition of airborne phenanthrene
was not investigated in our study.
By implementing a ﬁrst-order chemical reaction in the aqueous
phase, we accounted for microbial degradation of phenanthrene in the
subsurface:
C14H10 aqð Þ þ 16:5O2 þ 9H2O → 14CO2−3 þ 28Hþ:
The reaction rate for microbial degradation of aqueous phenan-
threne, with a half-life (t1/2,biodeg = ln(2)/λ [s]), was assumed to be
temperature independent.
In addition, bioturbation in soils (i.e., by feeding and burrowing
of earthworms or other animals) (Cousins et al., 1999c) or plowing
activities on agricultural land may have a strong effect on vertical
mixing, and thus onmass transport. Bioturbation is very species speciﬁc
and hence hard to quantify (Hedman, 2008). In this study, therefore,Value Reference
178.2 Schwarzenbach et al. (2003)
1.60 × 103 Gouin et al. (2000)
6.71 × 10−10 Grathwohl (1998)
5.97 × 10−6 Grathwohl (1998)
1.1 Schwarzenbach et al. (2003)
3.05 Liu et al., (2013b)
1.0 × 10−3 Verschueren (1983)
47 Schwarzenbach et al. (2003)
−30 Wang and Grathwohl (2013)
Fig. 2. Conceptual model of soil–atmosphere exchange of phenanthrene (‘Phe’) with a
100 m thick atmospheric boundary layer (not drawn to scale), a 0.1 m thick topsoil
layer, and a 4.9 m thick vadose zone above the groundwater table.
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bioturbation and plowing. Modeling was limited to steady-state ﬂow
of water and temperature was assumed to stay constant. In an earlier
study, Kuntz and Grathwohl (2009) showed that the assumption of
steady-state ﬂow is justiﬁed to be representative for the prediction of
long-term average concentrations of compounds in seepage water
(i.e. average concentrations obtained from transient simulations are
very close to concentrations from steady-state simulations in most
cases of mid latitude precipitation frequency and intensity). At
the upper boundary of the domain (Fig. 2), water inﬁltrates at a ﬁxed
rate and is allowed to discharge freely via the bottom boundary
(i.e. free seepage boundary at Z = −5 m). A groundwater recharge
rate of 200 mm/year and an average annual temperature of 10 °C
were assumed, representative for the weather conditions in Germany
(data from theGermanWeather Service, DWD, and the Federal Institute
for Geosciences and Natural Resources, BGR).3.3. Model description
The numerical code MIN3P was used to simulate soil–atmosphere
exchange of phenanthrene and its reactive transport towards the
groundwater table. MIN3P couples Richards' equation, the governing
equation for water ﬂow under variably saturated conditions, with reac-
tive advective–dispersive transport in the aqueous phase and diffusive
transport in the gaseous phase (Mayer et al., 2002). A generalized for-
mulation for multicomponent, kinetically controlled and equilibrium
biogeochemical reactions is integrated in the model.Table 2
Physical and hydraulic parameters used in our conceptual model for the two soil layers.
Input parameter Unit Subsoil
layer
Topsoil
layer
Porosity, n Dimensionless 0.33 0.40
Organic carbon content, fOC (low fOC-case) Dimensionless 0.1% 1%
Organic carbon content, fOC (mean fOC-case) Dimensionless 0.3% 3%
Organic carbon content, fOC (high fOC-case) Dimensionless 1% 10%
Residual water saturation, Srw Dimensionless 0.2
van Genuchten parameter, α 1/m 14.5
van Genuchten parameter, N Dimensionless 2.68
van Genuchten parameter, l Dimensionless 0.5
Hydraulic conductivity, K m/s 8.3 × 10−5
Dispersivity, α* m 0.01
Groundwater recharge rate, q mm/year 200
Solids density, ρ kg/m3 26503.3.1. Governing equations for ﬂow
The governing differential equation for the simulation of variably
saturated water ﬂow is:
SwSs
∂hψ
∂t
þ n ∂Sw
∂t
−
∂
∂z
krwK
∂
∂z
hψ
 
¼ 0 ð1Þ
where Sw [−] and Ss [1/m] refer to the water saturation and the speciﬁc
storage coefﬁcient, and krw [−] and K [m/s] identify the relative perme-
ability and the hydraulic conductivity, respectively. hψ [m] is the
hydraulic potential, n [−] denotes the porosity, and t [s] is the time. In
Eq. (1), we used the van Genuchten model to parameterize the vertical
distributions of water saturation and relative permeability:
Sw ¼ Srw þ 1−Srw
1þ jαψajNð Þm
ð2Þ
krw ¼ Slew 1− 1−S1=mew
 mh i2
ð3Þ
with
m ¼ 1−1=N ð4Þ
Sew ¼ Sw−Srw1−Srw ð5Þ
where Sew [−] and Srw [−] are the effective and the residual water
saturation, ψa [m] denotes the matric potential, and l [−], α [1/m],
m [−] and N [−] are the van Genuchten parameters (e.g., Carsel and
Parrish, 1988). The same equations outlined above were also applied
in the atmospheric boundary layer, where we assumed a uniform
distribution of the aqueous phase with a very low water saturation
of 3 × 10−5 (Fig. 3). Flow was at steady state and ﬁxed to a rate of
200 mm/year.
3.3.2. Reactive transport modeling
The reactive transport process includes advective–dispersive
transport of dissolved species, vapor phase diffusion, and the contribu-
tions from biogeochemical reactions that involve gaseous, aqueous,
and mineral species in soil and the atmosphere:
∂
∂t
nwcw½  þ ∂∂t ngcg
 þ ∂
∂z
qcw½ − ∂∂z Dew
∂
∂z
cw
 
−
∂
∂z
Deg
∂
∂z
cg
 
−Q ¼ 0
ð6ÞFig. 3.Vertical proﬁles ofwater saturation (Sw) and gas saturation (Sg=1− Sw) across the
soil–atmosphere interface (horizontal dashed line at Z= 0m).
793Z. Bao et al. / Science of the Total Environment 538 (2015) 789–801where cw [kg/m3] and cg [kg/m3] respectively are the concentrations of
the compound of interest in the aqueous and gaseous phase; nw [−]
and ng [−] denote the water-ﬁlled and gas-ﬁlled porosity, q [m/s] is
the groundwater recharge rate, and Q [kg/(m3·s)] represents the sink
terms that result from biogeochemical reactions. In the present case,
the parameter Q accounts for
Q ¼ λnw cw ð7Þ
where λ [1/s] refers to the biogeochemical reaction rate constant.
In Eq. (6), Deg [m2/s] and Dew [m2/s] are the effective diffusion
coefﬁcients in the gaseous and aqueous phases. The effective diffusion
coefﬁcient in the gaseous phase, Deg [m2/s], is estimated according to
the empirical correlation from Moldrup et al. (2000):
Deg ¼ Dg
n2:5g
n
ð8Þ
where Dg⁎ [m2/s] is the molecular diffusion coefﬁcient of the diffusing
compound in the free gaseous phase.
To compute the effective diffusion/dispersion coefﬁcient in the
aqueous phase, Dew [m2/s], we extended Eq. (8) (Moldrup et al., 2000,
2001):
Dew ¼ α qj j þ Dw
n2:5w
n
ð9Þ
where α* [m] is the dispersivity of the porous medium and Dw⁎ [m2/s]
denotes the molecular diffusion coefﬁcient of the transported
compound in the free aqueous phase. The values of Dg⁎ (Eq. (8)) and
Dw⁎ for phenanthrene at 25 °C are listed in Table 1.
At the soil–atmosphere interface, hence, the dominating transport
mechanism shifts from pure diffusion in the soil to eddy diffusion in
the atmosphere. Typically, the eddy diffusion coefﬁcient, Deddy [m2/s],
is used to describe turbulent mixing in the atmospheric boundary
layer. Under neutral or stable atmospheric conditions, Deddy was
shown to linearly increase with height (Foken, 2008):
Deddy ¼ ku Z ð10Þ
where k [−] represents the von Kármán constant (here k = 0.4),
u⁎ [m/s] is the friction or shear velocity (here 0.3 m/s), and Z [m] refers
to the height above the ground surface (with Z=0mat the surface). To
account for the turbulent mixing in MIN3P, Deg in Eq. (6) was replaced
by Deddy (Eq. (10)) in the atmospheric boundary layer. Fig. 4 showsFig. 4. Vertical proﬁle of the effective diffusion coefﬁcient of gaseous phenanthrene across
the soil–atmosphere interface (horizontal dashed line at Z= 0 m) at 10 °C at a bare soil
site. The x-axis is shown in log-scale.the effective diffusion coefﬁcients used in the model at 10 °C and at a
bare soil site (comparable values for eddy diffusion in the atmosphere
depicted by Meixner et al., 2003). The linear model for eddy diffusion
is based on the assumption that atmospheric conditions are neutral or
stable, i.e. vertical air movement does not take place beyond the rate
of adiabatic heating or cooling. Non-linear parameterizations would
cause more mixing due to increased eddy diffusion.
3.3.3. Distribution in the 3-phase system
Weassumed that phenanthrene distributes linearly among the solid,
the aqueous, and the gaseous phases. Partitioning of phenanthrene be-
tween the aqueous and the gaseous phases is described by Henry's law:
cg ¼ Hcw ð11Þ
in which H [−] is the temperature-dependent Henry's law coefﬁcient.
Distribution of phenanthrene between the aqueous and the solid
phases is described by:
cs ¼ Kdcw ð12Þ
where cs [kg/kg bulk phase] denotes the solid phase concentration and
Kd [L/kg] is the distribution coefﬁcient calculated for organic compounds
by:
Kd ¼ KOC f OC ð13Þ
where fOC [−] is the soil organic carbon content and KOC [L/kg] is the soil
organic carbon–water partition coefﬁcient. The latter was calculated by
a linear regression, reported in Razzaque and Grathwohl (2008), which
is based on the subcooled liquid solubility, Ssub [kg/L], of the compound
of interest:
logKOC ¼− 0:85 logSsub−0:55 ð14Þ
with an average absolute error of 0.23 log units in predicted KOC values.
3.3.4. Temperature dependence of parameters
In Table 1 the physico-chemical parameters for phenanthrene were
given for 25 °C. To account for low subsurface temperatures of 10 °C,
the molecular diffusion, sorption and Henry's law coefﬁcients were
converted by applying empirical relationships. Temperature depen-
dence of the molecular gas diffusion coefﬁcient according to Lyman
et al. (1990) is:
Dg Tð Þ
Dg T0ð Þ ¼
T
T0
 	1:75
ð15Þ
where T [K] is the speciﬁed temperature and T0 [K] refers to the standard
temperature (298.15 K).
The temperature dependence of the molecular diffusion coefﬁcient
in water was computed according to Atkins (1986):
Dw Tð Þ
Dw T0ð Þ ¼
T
T0
 10
247:8 T−T0ð Þ
T−140ð Þ T0−140ð Þ: ð16Þ
In addition, to account for the temperature dependence of the
sorption distribution coefﬁcient, Kd [L/kg], we applied the van't Hoff
equation:
Kd Tð Þ
Kd T0ð Þ
¼ exp −ΔHsorption
R
1
T
−
1
T0
 	 
ð17Þ
where ΔHsorption [kJ/mol] is the enthalpy of sorption with a representa-
tive value of −30 kJ/mol for phenanthrene for anthropogenic and
mineral soil samples (see Wang and Grathwohl, 2013). R [ J/(mol K)]
refers to the ideal gas constant with a value of 8.314 J/(mol K).
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the van't Hoff equation (Eq. (18)) was used again, accounting for the
enthalpy of air–water partitioning, ΔHaw [kJ/mol], of 47 kJ/mol for
phenanthrene (see Schwarzenbach et al., 2003).
3.4. Model simulations performed
As the base scenario, we started from clean soil (initial condition
cw(Z, t0)= 0) and allowed pollution of the soil during a 100 years pollu-
tion period (Fig. 1). This assumption seems justiﬁed since preindustrial
emission rates were at least ten times smaller than during industrializa-
tion as shown by the sedimentary record in lakes and estuaries (Müller
et al., 1977; Sanders et al., 1993; Simcik et al., 1996; Schneider et al.,
2001; Lima et al., 2003). The vertical concentration proﬁle, observed at
the end of the pollution period then was taken as the initial condition
for the subsequent regulation period, where we assumed 50% reduced
concentrations of pollutants in the atmosphere. This is a reasonable
assumption for early-industrialized countries such as Germany. In
newly industrialized countries such as China as well as developing
countries atmospheric concentrations may still increase (Liu et al.,
2013a).
The atmospheric concentrations of phenanthrene during the pollu-
tion and regulation periods were predeﬁned in the model (boundary
conditions). We calculated the average gaseous concentration of
phenanthrene in the atmosphere, with a value of 2.24 ng/m3, from
data of 85 passive sampler stations in 32 European countries in 2006
(EMEP database) (regulation period). Before environmental regulations
came into effect (pollution period), the gaseous concentration of phen-
anthrene was assumed to be twice as high (Gocht and Grathwohl,
2004).
3.4.1. Model veriﬁcation and scenarios
Veriﬁcations of the numerical model with analytical solutions are
shown in Appendix A. Excellent agreement of the numerical results
with analytical solutions proved the applicability of our numerical
model to simulate soil–atmosphere exchange. We used the extended
version of the numerical code to investigate the long-term environmen-
tal fate of SVOCs between soils and the atmosphere. Model runs were
performed in order:
(i) to investigate the importance of the atmospheric boundary layer
for the uptake of airborne phenanthrene in soil (Table 2) during
the early pollution period.
(ii) to quantify the relative importance of sorption, groundwater
recharge, biodegradation, and diffusion on the uptake of airborne
phenanthrene in soil. To do so, we performed a local sensitivity
analysis on the relevant parameters by comparing vertical
concentration proﬁles for themean fOC-case aswell as the change
in total mass of phenanthrene present in the soil compartment
for the high and low fOC-cases (Table 2).Fig. 5. Impact of the atmospheric boundary layer onuptake of vapor phase phenanthrene into th
atmospheric boundary layer, i.e. upper boundary condition at Z= 0 m; red dashed lines: conc
condition at Z= 100 m. The gray-shaded areas indicate the location of the topsoil layer enrich(iii) to evaluate the change in vertical concentration proﬁles of
phenanthrene in the soil due to reduced anthropogenic emis-
sions and, hence, temporary re-volatilization from the soil to
the atmosphere, following the 100 years pollution period. Our
model results are qualitatively compared to ﬁeld observations
from several studies in Europe.
(iv) to estimate the time scales needed to reach steady state for three
different levels of fOC.
Vertical concentration proﬁles are shown as relative gaseous
concentration, c/c0 [−], in which c0 is the atmospheric concentration
of phenanthrene (4.48 ng/m3) applied as a boundary condition at
the upper limit of the model domain during the pollution period.
The time-dependent accumulation of phenanthrene in the soil
compartment is shown as the relative mass, M/M100 year [−], in which
M100 year [kg] is the total mass of phenanthrene, present in the soil, at
the end of the 100 years pollution period.
4. Results and discussion
4.1. Effect of the atmospheric boundary layer
To evaluate the importance of the atmospheric boundary layer for
uptake and re-volatilization of SVOCs in soils, we placed the upper
boundary condition directly at the ground surface (Z = 0 m) and
compared the results to the outcomes of a second simulation with a
100 m thick atmospheric boundary layer (Z = 100 m). Fig. 5 shows
the vertical concentration proﬁles of gaseous phenanthrene for the
two simulations at 1 day, 30 days, and 1000 days.
Due to fast eddy diffusion, the atmospheric boundary layer is well
mixed as shown by the straight vertical concentration proﬁles (red
dashed lines) in Fig. 5. Only at early times (1 day and 30 days, Fig. 5A
and B), mixing near the soil–atmosphere interface is not complete,
which thus affects the concentration distribution in the soil compart-
ment underneath. In fact, by comparing the two simulation results
with each other in Fig. 5A and B, for short time periods we observe a
slight lag in mass transport of phenanthrene in the soil in case the
atmospheric boundary layer is included. However, for 1000 days
(Fig. 5C), the lag between the two simulations has disappeared. The
shape of the breakthrough curves in the soil indicates that at early
times (i.e. within the ﬁrst month) transport of phenanthrene is
dominated by vapor phase diffusion in the soil. Generally, our results
show that at time scales larger than one month the atmospheric
boundary layer has a negligible effect on mass transport of atmospheric
pollutants into soils — provided that pollutants are constantly supplied
to the atmosphere. In the following, we therefore neglect the
atmospheric boundary layer. It should benoted, however, that for highly
volatile less sorbing compounds (“gases”) and for indoor situations the
atmospheric boundary layer may be important for mass transfer.e soil (mean fOC-case, Table 2); black solid lines: concentration proﬁles in the absence of the
entration proﬁles in the presence of the atmospheric boundary layer, i.e. upper boundary
ed in organic carbon.
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To determine which physico-chemical parameters are decisive for
soil–atmosphere exchange of atmospheric pollutants, we performed a
local sensitivity analysis by subsequently changing one of the following
parameters: the sorption distribution coefﬁcient (sorption, +50%), the
groundwater recharge rate (advection,+50%), theﬁrst-order biodegra-
dation rate (biodegradation,+50%), and the diffusion coefﬁcients in the
gaseous and aqueous phases (diffusion, +50%). Such changes may be
due to temperature ﬂuctuations by 5 to 10 °C or uncertainty in parame-
ter estimations. We investigated the impact of these parameters on the
long-term vertical concentration proﬁles of phenanthrene in the soil at
1 year, 10 years, and 100 years during the pollution period.
Fig. 6 shows the concentration proﬁles in the soil (solid lines) aswell
as the results of our sensitivity analysis (dashed lines). With increasing
organic carbon content in the soil, i.e. with increasing sorption to the
solid phase, retardation increases and phenanthrene propagates more
slowly into the soil (Group S in Fig. 6). In contrast, increasing the
groundwater recharge rate (Group A in Fig. 6) results in more rapid
downward advective transport of phenanthrene, whereas biodegrada-
tion hardly affects transport of phenanthrene at this time scale (Group
B in Fig. 6; concentration proﬁles overlap each other almost entirely).
In accordance with the ﬁndings of McKelvie et al. (2013), these results
demonstrate how strong sorption and unsaturated conditions limit
the effect of biodegradation on the propagation of phenanthrene in
the soil, due to reduced bioavailability of the pollutant. Also, an increase
in diffusion coefﬁcients impacts the propagation of phenanthrene in the
soil (Group D in Fig. 6). The shape of the breakthrough curves in GroupFig. 6. Concentration proﬁles of phenanthrene in the soil at three time points during the uptak
whereas the dashed lines refer to thosewith 50% increase in the respective parameter(s) investi
of the topsoil layer enriched in organic carbon.D indicates that vapor phase diffusion and sorption dominate the
transport process during the pollution period for the mean fOC-case.
Since diffusion and sorption are temperature sensitive and effective
groundwater recharge is highly dependent on the local climate, diurnal
and seasonal changes in temperature and groundwater recharge will
introduce some dynamics in uptake and re-volatilization of SVOCs in/
from soils. Model simulations considering diurnal changes of tempera-
ture and atmospheric boundary layer thickness are subject of ongoing
work.
To quantify the impact of the different parameters on the total mass
of phenanthrene accumulated in the soil, we also calculated the local
sensitivity, which is deﬁned as the relative deviation of the output
value due to a change in an input value (Webster et al., 1998; Meyer
et al., 2005). Local sensitivity, S(Xi) [−], therefore, was computed as
the relative deviation of the total mass, ∂MðtÞ
.
MðtÞ
[−], in the soil due
to a 50% increase in the respective parameter, Xi (i.e. sorption distribu-
tion coefﬁcient, groundwater recharge rate, biodegradation rate, and
gaseous and aqueous diffusion coefﬁcients):
S Xið Þ ¼
∂M tð Þ
.
M tð Þ
∂Xi
.
Xi
















ð18Þ
where M(t) [kg] refers to the total mass of phenanthrene present in
the soil at a selected time point, t [s]. In case S(Xi) ≤ 0.1, the total mass
present in the soil is assumed to be non-sensitive to the input variable.e (pollution) period. The solid lines refer to concentration proﬁles for the mean fOC-case,
gated. Note different scales on the vertical axis. The gray-shaded areas indicate the location
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ingly affected by the input variable.
Fig. 7 shows the time-dependent local sensitivity of each parameter
based on the total mass of phenanthrene accumulated in the soil for 7
time points (0.3 year, 1 year, 3 years, 10 years, 30 years, 50 years, and
100 years) and for the three levels of fOC. We found that sorption
(Fig. 7A) signiﬁcantly affectsmass accumulation at all times. In addition,
diffusion (Fig. 7D) clearly dominates only at early times (up to 10 years),
whereas it diminishes at later times and groundwater recharge (Fig. 7B)
becomes more important. For the mean and the high foc-cases, accumu-
lation is still not advection-dominated at the end of the pollution period
(at 100 years); while for the low foc-case, advection already dominates
the transport at 100 years. In fact, the higher the organic carbon content
in the soil, the more delayed in time is the observed pattern in local
sensitivity due to increased retardation from stronger sorption proper-
ties. As illustrated in Fig. 7C, the effect of biodegradation on mass
accumulation is strongly constrained over the 100 years pollution
period for the three levels of foc since steady state is not achieved yet.
However, on even longer time scales biodegradation would take over
and determine long-termmass accumulation (the stronger the sorption
the longer that takes).
As to be expected, the totalmass of phenanthrene in the soil is highly
dependent on sorption at all times. Groundwater recharge and biodeg-
radation determine the total mass present in the soil in the long term,
while diffusion dominates the transport process at early times. Note,
that for less sorbing compounds time scales would be much shorter.
4.3. Impact of reduced emissions: re-volatilization from soils
In the following, we investigate how a regulation period with a 50%
reduction in anthropogenic emissions of phenanthrene after 100 yearsFig. 7. Time-dependent local sensitivity (S(Xi)) of each parameter based on the total mass acc
sensitivity of 0.1 (below, the total mass in the soil is assumed to be non-sensitive to the inputof pollution inﬂuences the concentration distribution across the soil–
atmosphere interface. Fig. 8 shows the vertical concentration proﬁles
across the soil–atmosphere interface at 1 year and 30 years after
environmental protection measures became effective for the three
levels of fOC considered.
If the concentration in the atmosphere is reduced, re-volatilization of
phenanthrene from the soil to the atmosphere occurs. In Fig. 8 this is
indicated by a reversed concentration gradient that develops directly
at the soil-atmosphere interface. Peak concentrations of phenanthrene
are observed just below this interface. Over time, the peak shifts down-
wards and diminishes as phenanthrene re-volatilizes into the atmo-
sphere and also migrates into deeper soil layers by diffusion and
advection. The propagation of phenanthrene in the soil layers is affected
by the organic carbon content of the soil. From the low fOC-case, to the
mean fOC-case, to the high fOC-case, advective transport of phenanthrene
into the deeper soil layers is increasingly retarded while more phenan-
threne diffuses back to the atmosphere if fOC is high.
We qualitatively compared the results of our numerical simulations,
shown in Fig. 8, to ﬁeld observations of the vertical distribution of
phenanthrene in soils, published in the late 1990s and early 2000s
(Wilcke et al., 1996; Cousins et al., 1999b, 1999c; Krauss et al., 2000;
Gocht et al., 2001; Vikesøe et al., 2002; Atanassova and Brümmer,
2004). In several ﬁeld studies (Wilcke et al., 1996; Krauss et al., 2000;
Gocht et al., 2001; Vikesøe et al., 2002; Atanassova and Brümmer,
2004) higher concentrations of phenanthrene in the topsoil than in
the underlying subsoil were found, which generally matches results
from our model scenario. Moreover, Cousins et al. (1999b) detected
the highest concentration of total PAHs (with phenanthrene being the
principal component in the upper soil layers according to Atanassova
and Brümmer, 2004) at a depth of 5 cm below the ground surface.
This ﬁnding is also in agreement with our model results at 30 yearsumulated in the soil for the three levels of fOC. The horizontal dashed line refers to a local
parameter). Note, different scales on the vertical axis.
Fig. 8. Concentration proﬁles at the end of the pollution period (black dashed line), and 1 year and 30 years after environmental reduction measures became effective (solid lines) for the
three levels of foc. On the vertical axis different scales are shown and the gray-shaded areas indicate the location of the topsoil layer. Only in the low organic carbon case the pollution
penetrated the high organic topsoil.
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(1999b) reported values for temperature and organic carbon content
that were similar to the values used for the mean fOC-case in our
study. The authors hypothesized that bioturbation is the main reason
for the lower concentrations in the soil layer close to the ground surface.
However, our model results indicate that re-volatilization and limited
bioavailability because of strong sorption lead to a peak concentration
at shallow depths below the ground surface.4.4. Time scales for re-volatilization and for steady state in the soil
To estimate the time scale for re-volatilization from the soil, several
model scenarios with and without environmental regulation measures
or biodegradation were investigated. We extended our simulation
period to 2500 years to account for long time scales involved.
Fig. 9 shows the accumulation of phenanthrene in the soil during the
100 years pollution period (black solid line) and the subsequent
900 years regulation period (black dot-dash line). As environmental
reduction measures become effective, we observe a signiﬁcant change
in transport across the soil–atmosphere interface when compared to
the non-regulated scenario (gray dashed line in Fig. 9). The reduced
atmospheric concentration of phenanthrene during the regulationFig. 9. Accumulation of phenanthrene in the soil (mean fOC-case) for constant emission
(solid black line or gray dashed line), and a reduction of emission rates by 50% after
100 years with and without biodegradation.period results in a signiﬁcantly lower amount of phenanthrene accumu-
lating in the soil. With the onset of reduced anthropogenic emissions of
phenanthrene to the atmosphere, we also observe re-volatilization of
phenanthrene from the soil to the atmosphere that lasts for about
20 years (compare black dot-dash and dashed lines in Fig. 9) — after
that the soil becomes a sink again.
Fig. 10 compares the accumulation of phenanthrene in the soil for
the three levels of fOC. In all three cases, retarded diffusion limits the
transport of phenanthrene in the topsoil layer during the 100 years
pollution period, resulting in the same mass accumulation of phenan-
threne accumulating in the soil (linear partitioning). After the concen-
tration of phenanthrene in the atmosphere is reduced by half,
re-volatilization of phenanthrene from the soil to the atmosphere
occurs and for a limited time period the soil becomes a secondary source
for pollution. In the long term, however, the soil becomes a sink again
and mass transport is determined by biodegradation and groundwater
recharge. As expected, with increasing organic carbon content more
phenanthrene accumulates in the soil (due to increased sorption).
Also, the time needed to eventually reach steady state extends with
increasing foc. We deﬁne the characteristic time for steady state, tc [s],
by the time period needed to reach 63.21% of the total mass in the soil
at steady state (see details in theAppendix Bwhere the governing equa-
tion was derived for a box model). For the low fOC-case, the mean fOC-
case, and the high fOC-case, the characteristic times for steady state
following the reduction in atmospheric concentration are 143 years,Fig. 10. Time-dependent mass accumulation of phenanthrene in the soil for the
three levels of fOC. Values of the sorption distribution coefﬁcient Kd in the topsoils are
261.0 L/kg for the low-fOC case (1%), 782.9 L/kg for the mean-fOC case (3%), and 2609.8 L/kg
for the high-fOC case (10%), respectively.
798 Z. Bao et al. / Science of the Total Environment 538 (2015) 789–801430 years, and 1430 years, respectively (calculated by applying Eq. (B6)
in the Appendix B, with a Damköhler number, Da, of 10).
5. Summary and conclusions
In this study, we extended the multicomponent reactive transport
codeMIN3P by an atmospheric boundary layer accounting for eddy dif-
fusion. We used a vertical 1-D model (Fig. 1) to study soil–atmosphere
exchange of SVOCs for non-disturbed soils with varying boundary con-
ditions in the atmosphere (i.e. a decrease of pollutant concentration).
Phenanthrene was used as a representative compound for SVOCs and
was assumed to be supplied by continuous anthropogenic emissions
to the atmosphere. Average values for temperature (10 °C) and ground-
water recharge (200 mm/year) were applied in our model, and three
cases with different organic carbon contents were analyzed for the
speciﬁc base scenario in Germany.
We found that in the long term, the soil properties limited
re-volatilization of phenanthrene into the atmosphere. Due to fast
eddy diffusion and continuous anthropogenic emissions of gaseous
phenanthrene, the atmospheric boundary layer is always mixed and
thus has a negligible effect on the soil uptake of atmospheric pollutants,
except for time periods b 1 month. This indicates that the atmospheric
boundary layer is only relevant for short-term changes in the boundary
conditions (emission rates, temperatures). Temperature-driven diurnal
concentration changes and the height and the stability of the atmo-
spheric boundary layer do not affect the long term uptake and release
of pollutants from soils.
A sensitivity analysis showed that sorption/desorptionwas themost
relevant process at all times,whereas vertical transport by diffusionwas
relevant only in the short term (years to decades)whereas groundwater
recharge dominated transport in the long term (decades to centuries).
Biodegradation was slowed down by sorption, and thus was of lower
relevance.
Re-volatilization of SVOCs from soils to the atmosphere occurs only
for a relatively short time period after environmental regulation
measures came into effect (i.e. only over two decades for the speciﬁc
exposure scenario investigated in this study with an abrupt drop in
atmospheric concentrations). Gradually decreasing pollutant levels in
the atmosphere would cause even less re-volatilization. Thus, soils are
more or less inﬁnite sinks for atmospheric pollutants even if concentra-
tions are reduced by 50%. A simple analytical solution can be applied to
estimate the time periods needed to reach steady state between input
and biodegradation rates (see Appendix B) and the concentration levels
in the soil at steady-state conditions. For phenanthrene (representative
for many PAHs) steady-state time scales amount to centuries to
millennia depending on soil organic carbon content and the thickness
of the soil layer considered. The extended MIN3P code presented in
this study can also be applied to simulate soil–atmosphere exchange
of other atmospheric pollutants (e.g. further PAHs, PCBs, pesticides) or
semi-volatile compounds (e.g. O2, CO2).
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Appendix A. Results ofmodel veriﬁcation, using the extendedMIN3P
code and well-known analytical solutions
A.1. Transport by advection–dispersion and diffusion
To verify the numerical code, we modeled transport through a 5 m
thick homogeneous soil column (porosity = 0.33; organic carboncontent = 0.3%; temperature = 10 °C) and compared the results of
our numerical simulations with corresponding analytical solutions for
advective–dispersive transport (Ogata and Banks, 1961) and diffusion
into a semi-inﬁnite porous medium with linear sorption (Grathwohl,
1998).
The analytical solution for advective–dispersive transport (Ogata
and Banks, 1961) in a water-saturated porous medium is:
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where c/c0 [−] is the normalized concentration of a conservative tracer,
|Z| [m] refers to the soil depth (i.e. Z=0at the ground surface), q [m/s] is
the steady-state seepage water recharge rate (here 200mm/year), n [−
] denotes the total porosity, and t [s] is the time.D [m2/s] denotes the hy-
drodynamic dispersion coefﬁcient:
D ¼ α
 qj j
n
þ Dw n0:5 ðA2Þ
where α* [m] refers to the dispersivity of the porous medium (here:
α* = 0.01 m) and Dw⁎ [m2/s] is the molecular diffusion coefﬁcient of
the compound of interest in water (phenanthrene: 6.71 × 10−10 m2/s).
For pure diffusive transportwe compared the numerical resultswith
the analytical solution for retarded diffusion into a partially water-
saturated semi-inﬁnite porous medium (Grathwohl, 1998):
c
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 	
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where Da [m2/s] denotes the apparent diffusion coefﬁcient of a vapor
phase compound in porous media:
Da ¼ Deg
ng þ nwH þ
ρ 1−nð ÞKd
H
¼
Dg
n2:5g
n
ng þ nwH þ
ρ 1−nð ÞKd
H
ðA4Þ
where Deg [m2/s] and Dg⁎ [m2/s] are the effective and the molecular gas
diffusion coefﬁcients, ng [−] and nw [−] are the gas-ﬁlled and the
water-ﬁlled porosity, and H [−], ρ [kg/m3], Kd [L/kg], Sg [−], and
Sw [−] denote the Henry's law coefﬁcient, the density of the particles,
the sorption distribution coefﬁcient, the gas saturation, and the water
saturation, respectively.
Our results for the two cases are shown in Fig. A1. For both cases
we achieved excellent agreement between the numerical model results
and the analytical solutions. Besides numerical accuracy, this conﬁrms
accurate implementation of transport parameters (recharge, dispersion
and diffusion coefﬁcients, sorption, air-water partitioning, etc.).
Appendix B. Characteristic time scales, steady-state concentrations
and Damköhler numbers
For estimation of characteristic time scales to achieve steady state
and corresponding concentration levels an analytical solution was
derived using a simple box model. As described above, a uniform,
water-saturated 5 m thick soil compartment was considered
(porosity = 0.33; organic carbon content = 0.3%; temperature =
10 °C). Taking into account only groundwater recharge (which
dominates over diffusion in the long term), linear sorption, and
ﬁrst-order biodegradation, the total solute mass change per area, dMdt
[mg/(m2·s)], in the soil results in the following differential equation:
dM
dt
¼ input−decay−output ¼ qcw;in−λcwθh−qcw ðB1Þ
Fig. A1. Veriﬁcation of MIN3P (symbols) with analytical solutions (lines) for ﬁxed concentration at the top boundary: (A) conservative advective–dispersive transport under water-
saturated conditions, (B) retarded diffusion in the unsaturated soil (Kd = 78.3 L/kg).
Fig. B1.Model comparison ofMIN3P (symbols) with the analytical solution of a simpliﬁed
one-boxmodel (line) accounting only for recharge and biodegradation (Eq. (B4)). cw =cw;s−s
refers to the normalized concentration in the aqueous phase and values of the box model
parameters applied are h = 5 m, q = 200 mm/year, θ = 0.33, λ = 1.2 × 10−6/s and
Kd = 78.3 L/kg, respectively.
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the inﬁltration rate, which at steady state is equal to the groundwater
recharge rate. cw,in [kg/m3] and cw [kg/m3] refer to the aqueous concen-
tration at the inﬂow boundary and the aqueous concentration leaving
the system. θ [−] represents the volumetric water content in the porous
medium, and λ [1/s] is the rate constant of ﬁrst-order biodegradation.
The total mass in a soil column, e.g. after breakthrough at depth h, is
given by:
M ¼ cwθhþ cg n−θð Þhþ csρ 1−nð Þh
¼ cwh θþ n−θð ÞH þ ρ 1−nð ÞKdð Þ ðB2Þ
where cg [kg/m3], and cs [kg/kg bulk phase] respectively are the concen-
trations in the gas, and solid phase, and ρ [kg/m3] denotes the solids
density (2650 kg/m3).
Since phenanthrene preferentially is present in the solid phase,M in
Eq. (B2) can be simpliﬁed by neglecting the terms representing the gas
and water phases (M = hρ(1− n)Kdcw). Integration of Eq. (B1) with
respect to cw and t yields:
Z cw
0
dcw
qþ λhθð Þcw−qcw;in
¼−
Z t
0
dt
hρ 1−nð ÞKd
: ðB3Þ
Thus,
cw
cw;in
¼ 1
1þ λhθ=q 1− exp −
qþ λhθ
hρ 1−nð ÞKd
t
 	 	
: ðB4Þ
In Eqs. (B3) and (B4), cw is the averaged concentration in the
aqueous phase across the soil depth. At t= 0, cw = 0. Similarly, when
t→ ∞ the steady-state concentration, cw,s − s [kg/m3], is reached:
cw;s−s ¼ 11þ λhθ=q cw;in: ðB5Þ
A characteristic time, tc [s], to reach steady state may be deﬁned for
an argument of one in the exponential function of Eq. (B4):
tc ¼ hρ 1−nð ÞKdqþ λhθ : ðB6Þ
Since 1− exp(−1)=0.6321, the characteristic time to reach steady
state is deﬁned as the point in time when 63.21% of cw,s − s is achieved.
To evaluate if groundwater recharge or biodegradation, or both, are
the decisive factors for the steady-state concentration levels, we use theDamköhler number (Damköhler, 1936), Da [−], which relates the time
scale of ﬂow (ta = h/q) to the time scale of biodegradation (tr = 1/):
Da ¼ ta
tr
¼ λθh
q
: ðB7Þ
The Da term is included in the denominator of Eq. (B6). If Da ≪ 1,
the long-term steady state is dominated by groundwater recharge,
and the output concentration equals the input concentration; if
Da N 1, the long-term steady state is dominated by both groundwater
recharge and biodegradation and for Da N 100, biodegradation takes
over.
Fig. B1 shows the comparison of our numerical model outcomes
(symbols) accounting for all processes (advection, dispersion, diffusion,
biodegradation and sorption)with the simple analytical solution for the
box model (line, Eq. (B4)). In this case, Da≈ 31, which indicates that
biodegradation is important. Except for small differences at early
times (which is due to diffusion/dispersion not covered in the analytical
solution), an excellent match of our numerical model results with the
analytical solution is achieved. Furthermore, the characteristic time
(Eq. (B6)), derived from the analytical solution, can be applied to
estimate the time period needed to reach steady state.
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